We have previously shown that 3,3',4,4',5-pentachlorobiphenyl (PCB-126) vertically transferred from dams potentially exerts a direct effect on the ovaries of offspring and adversely affects female puberty. To investigate its toxicological targets in ovarian tissues, mRNAs encoding representative peptides that regulate follicular development in granulosa cells, theca cells, and oocytes were quantified using ovaries collected on postnatal days (PND) 5, 15, and 24 from the offspring of dams administered oral doses of 0, 1 or 3 µg/kg PCB-126 starting 2 weeks prior to mating and continuing until 20 days after delivery. Quantification using the real-time RT-PCR method revealed that PCB-126 lowered the amounts of mRNAs that encoded the inhibin α-and inhibin/ activin βA-subunits from PND 15 onwards; the amounts of mRNAs for inhibin/activin βB-subunit, follicle-stimulating hormone (FSH) receptor, and aromatase on PND 15; and the amounts of luteinizing hormone receptor mRNA on PND 24 compared with those of the age-matched controls. In contrast, no differences were noted for mRNAs encoding c-kit, growth differentiation factor-9, bone morphogenetic protein-15, or kit ligand for any of the age groups examined. The serum FSH level on PND 24 was higher than that in the control. Since the earliest effects on the mRNAs in the rat ovaries were observed in those expressed in the granulosa cells of the growing follicles after the antral follicles had developed, molecules in granulosa cells but not in oocytes during the early stages of the antral follicles might be the primary targets of vertically transferred PCB-126.
of TCDD on ovaries and its involvement in modulation of the hypothalamus and pituitary axis [2] [3] [4] [5] [6] [7] . The results of these studies suggest that e x p o s u r e t o T C D D i m p a i r s r e p r o d u c t i v e development and function in female rats. We have previously shown that in utero and lactational exposure to PCB-126 reduces the ovarian weight of offspring, with atresia of most of the antral follicles a l o n g w i t h d e l a y e d v a g i n a l o p e n i n g [ 8 ] . Furthermore, transcription of the cytochrome P450 1A1 (CYP1A1) gene, a representative target gene of aryl hydrocarbon receptor (AhR), is enhanced in a dose-dependent manner in the ovary, which is also the location of the AhR-signaling system. Since PCB-126 is an exogenous ligand of AhR and is found in the livers of fetuses from pregnant rats administered PCB-126 [9] , vertically transferred PCB-126 probably exerts potent direct effects on the ovaries of offspring. The mechanisms of ovarian toxicity of vertically transferred PCB-126 have yet to be elucidated; however, we suspect that PCB-126-induced impairment of puberty in female rats might in part be due to the direct effect of PCB-126 on follicle development and/or to the results of alteration of the pituitary-gonad axis. The development of growing follicles in the early stages is primarily controlled by several growth factors, both paracrine and autocrine, whereas large follicles exhibit responsiveness to both intraovarian and extraovarian regulation [10, 11] . Therefore, in this study, the toxicological targets of vertically transferred PCB-126 were determined in ovarian cells by quantifying the mRNAs encoding representative peptides that regulate follicle development in the granulosa cells, theca cells, and oocytes using a real-time PCR method.
Materials and Methods

Animals and collection of ovaries
The ovaries analyzed in this study were collected in a previous study [8] . The breeding conditions of the animals and the experimental design were presented previously. Briefly, female SpragueDawley rats (Charles River Japan, Kanagawa, Japan) were administered corn oil or 1 or 3 µg/kg/ day of PCB-126 daily starting from 2 weeks before the mating period (for not more than 4 weeks) and continuing until 20 days after delivery. One offspring from each dam was sacrificed on p o s t n a t a l d a y s ( P N D s ) 5 , 1 5 a n d 2 4 b y exsanguination under ether anesthesia, and then their ovaries were collected. Immediately after weighing the specimens, the hemilateral ovary of each animal was frozen in liquid nitrogen and stored at -80 C for RNA quantification. On PND 24, blood samples were collected from the offspring from the abdominal aorta, and serum was collected by centrifugation at 2,500 rpm for 15 min at 4 C. The serum was stored at -20 C until determination of FSH concentration by radioimmunoassay (RIA).
All procedures in this study were performed in accordance with the guidelines approved by the Animal Research Committee of Azabu University.
Quantitative analysis of gene expression in the ovary
Isolation of total RNA and synthesis of firststrand complementary DNA (cDNA) were performed as described previously [8] . The cDNA was diluted 1:10 with sterilized distilled water (DW) and was used as a sample template for realtime PCR analysis. Separately, a pooled rat ovarian cDNA preparation was diluted to 1:5 sample and standard templates were performed using an ABI Prism 7700 Sequence Detector (Applied Biosystems, Foster City, CA, USA) under conditions that have been previously described [8] .
The standard curve for amplification of the cDNA from each mRNA was constructed from the amplification curves of each dilution of the standard templates. Subsequently, the amount of mRNA in the sample template was determined from the standard curve. The sequences of the labeled probe, TaqMan probe (Applied Biosystems), and primer pairs were designed using the Primer Express software (Applied Biosystems) based on their sequences. The sequences of those for growth differentiation factor-9 (GDF-9), bone morphogenetic protein-15 (BMP-15), c-kit and kit ligand are shown in Table 1 . Sequences of the others, including the inhibin α-subunit, inhibin/activin βA-and βB-subunits, FSH receptor, luteinizing hormone (LH) receptor and aromatase, have been described previously [13] . To determine the amount of glyceraldehyde-3-phosphatase dehydrogenase (GAPDH) mRNA, a commercially available probe and primers, the TaqMan Rodent GAPDH Control Reagents (Applied Biosystems), were used in the present study.
All PCR amplification was performed in duplicate for each sample, and the mean values were used to calculate the ratios to those of GAPDH. The intra-and interassay coefficients of variation for all genes were determined by amplification of three cDNA samples synthesized from the pooled ovarian RNA, and all were found to be less than 14%.
Radioimmunoassay of FSH
Serum FSH levels were determined using double-antibody radioimmunoassays and 125 Ilabelled radioligand. National Institute of Diabetes and Digestive and Kidney Disease (NIDDK) radioimmunoassay kits were used for rat FSH (NIAMDD, NIH, Bethesda, MD, USA), as described previously [14, 15] . The intra-assay coefficient variation was less than 11%.
Data analysis
Statistical analysis was performed using the StatView statistical analysis software (SAS Institute, Cary, NC, USA). Initially, all the data were analyzed using one-way analysis of variance (ANOVA). Subsequently, significant differences between the control and PCB-exposed groups were analyzed using Dunnett's test. A P value of less than 0.05 was considered to be statistically significant.
Results
The amounts of mRNAs encoding the LH receptor, FSH receptor, aromatase, inhibin α-subunit, and inhibin/activin βA-and βB-subunits relative to the control level on postnatal day PND 5 are shown in Fig. 1 . The amounts of mRNAs encoding the inhibin α-, inhibin/activin βA-, and inhibin/activin βB-subunits and LH and FSH receptors gradually increased with age in all groups, except for the inhibin/activin βB-subunit mRNA, which exhibited no increase on PND 15 in the 3 µg/kg/day group. Compared with control, the mRNAs encoding the inhibin α-and inhibin/ activin βA-subunits were significantly lower in both the 1 and 3 µg/kg/day groups on PND 15 and in the 3 µg/kg/day group on PND 24. The amounts of mRNAs encoding the FSH receptor, inhibin/activin βB-subunit, and aromatase were significantly lower in only the 3 µg/kg/day group on PND 15, whereas the LH receptor mRNA was significantly lower in only this group on PND 24. On PND 5, no significant differences were observed in any of the amounts of mRNAs between the PCB-126-exposed and control groups.
The amounts of mRNAs encoding GDF-9, BMP-15, c-kit, and kit ligand relative to the control level on postnatal day PND 5 are shown in Fig. 2 . The amounts of these mRNAs gradually decreased with age, and no differences were observed between the PCB-126-exposed and age-matched control groups at any age.
The serum concentrations of FSH on PND 24 were significantly higher in the PCB-126-exposed groups compared with the control group (Fig. 3) .
Discussion
The present study clearly demonstrated the pr ese nce of se par ate effects for vertically transferred PCB-126 on the mRNAs expressed in the oocytes and granulosa/theca cells. The amounts of mRNAs encoding c-kit, which is a product of proto-oncogene, and GDF-9 and BMP-15, which are both members of the transforming growth factor-β (TGF-β) superfamily, were not affected by the treatment in any of the age groups. These mRNAs are expressed in oocytes at different times during follicular development, i.e., c-kit is expressed in primordial follicles [16, 17] , while GDF-9 and BMP-15 are expressed in developing follicles [18, 19] . Thus, the amounts of these oocytederived mRNAs were not altered independently of the timing of expression within the oocytes or with regard to different ages, although it should be noted that there were only a limited number of genes analyzed in the present study. From the v i e w p o i n t o f g e n e e x p r e s s i o n s , v e r t i c a l l y transferred PCB-126 is less likely to exert adverse effects on oocytes.
In contrast, the amounts of mRNAs encoding the inhibin α-, inhibin/activin βA-, and inhibin/activin βB-subunits, FSH receptor, LH receptor and aromatase were decreased in the ovaries of the PCB-126-exposed offspring. Except for the LH receptor mRNA, all of these mRNAs were decreased on PND 15. Since these mRNAs are predominantly expressed in the granulosa cells of growing follicles [12, [20] [21] [22] , granulosa cells could be the toxicological targets for vertically transferred PCB-126. Moreover, follicles with an alveus have been confirmed to be present as late as PND 13 in this particular strain of rat, and no antral follicles develop on PND 7 [23] . Therefore, granulosa cells found in the early stages of the antral follicles are most likely the primary targets of vertically transferred PCB-126. While it has been suggested that kit ligand is necessary and sufficient for inducing primordial follicle development and initiating folliculogenesis [24] , it has also been observed in the granulosa cells of follicles at various developmental stages [25] . In the present study, however, no alteration in the amount of its mRNA was observed at any age. This suggests that vertically transferred PCB-126 may exert its effects on limited lines of peptides within granulosa cells. However, further studies are required to prove this theory.
There is a discrepancy between morphology and gene expression in the ovaries of PCB-126-exposed offspring. The effects of vertically transferred PCB-126 are most evident on PND 15, although it does reduce ovarian weight with concurrent atresia of most of the antral follicles in the ovary on PND 24 [8] . It is possible that a certain amount of time is required for morphological alterations to develop in the follicles or that the confirmed increase in circulating FSH on PND 24 stimulates follicular development to promote mRNA expression from granulosa cells. While the precise causes of this discrepancy are unclear, it is possible that vertically transferred PCB-126 targets granulosa cells in the antral follicle, which are in the early stages of development around PND 15. Previous studies have reported that there are multiple variants of transcripts in the LH receptor gene [26] and that mRNA encoding the full-length LH receptor is expressed concomitantly with the appearance of differentiated theca cells [27] . In the present study, we quantified LH receptor mRNA using a primer set corresponding to a region from exons 8 to 9 of the LH receptor gene [26] . Although the primer set could amplify the truncated form of the receptor mRNA, the ovaries produced follicles with differentiated theca cells from PND 15 onwards. The current results may reflect the amount of mRNA present and responsible for encoding the full-length LH receptor in the theca cells. Thus, vertically transferred PCB-126 could possibly affect expression of LH receptor mRNA.
